Stomatal pores are vital for the diffusion of gasses into and out of land plants and are, therefore, gatekeepers for photosynthesis and transpiration. Although much published literature has described the intercellular signaling and transcriptional regulators involved in early stomatal development, little is known about the cellular details of the local separation between sister guard cells that give rise to the stomatal pore or how formation of this pore is achieved. Using three-dimensional (3D) time-lapse imaging, we found that stomatal pore formation in Arabidopsis (Arabidopsis thaliana) is a highly dynamic process involving pore initiation and enlargement and traverses a set of morphological milestones in 3D. Confocal imaging data revealed an enrichment of exocytic machinery, de-methyl-esterified pectic homogalacturonan (HG), and an HG-degrading enzyme at future pore sites, suggesting that both localized HG deposition and degradation might function in pore formation. By manipulating HG modification via enzymatic, chemical, and genetic perturbations in seedling cotyledons, we found that augmenting HG modification promotes pore formation, whereas preventing HG de-methyl-esterification delays pore initiation and inhibits pore enlargement. Through mechanical modeling and experimentation, we tested whether pore formation is an outcome of sister guard cells being pulled away from each other upon turgor increase. Osmotic treatment to reduce turgor pressure did not prevent pore initiation but did lessen pore enlargement. Together, these data provide evidence that HG delivery and modification, and guard cell pressurization, make functional contributions to stomatal pore initiation and enlargement.
During stomatal development, a guard mother cell divides symmetrically to produce a pair of guard cells. At this point, the walls adjoining the sister guard cells are of uniform thickness . Next, the wall at the future pore site becomes thickened , which might result in a local increase in wall stiffness (Carter et al., 2017) during pore formation. Although the literature sometimes refers to a stomatal pore as an "ostiole," we use the term "pore" throughout this work. The formation of a pore at the center of a stomatal complex requires the spatially restricted separation of the walls between sister guard cells (Bergmann and Sack, 2007) . However, the molecular mechanisms for achieving this process are currently undefined . Temporally, stomatal pore formation includes an initiation phase that progresses from the absence to the appearance of an opening, followed by an enlargement phase, during which the pore expands. However, the morphodynamic details of either phase, or how long stomatal pore formation takes in total, have not been described.
The middle lamella between plant cells is rich in pectic homogalacturonan (HG; Jarvis et al., 2003) . Genes encoding HG-modifying or HG-degrading enzymes function in cell separation in multiple developmental contexts. For instance, three QUARTET (QRT) genes from Arabidopsis (Arabidopsis thaliana), QRT1, which encodes a pectin methyl-esterase (PME; Rhee and Somerville, 1998; Francis et al., 2006) , and QRT2 and QRT3, which both encode HG-degrading polygalacturonases (PGs; Rhee et al., 2003; Ogawa et al., 2009) , are required for pollen tetrad separation (Rhee and Somerville, 1998; Rhee et al., 2003) . Two ARABI-DOPSIS DEHISCENCE ZONE POLYGALACTURO-NASE (ADPG) genes, ADPG1 and ADPG2, function in cell separation during floral organ abscission and silique dehiscence (Ogawa et al., 2009 ).
In a model of stomatal pore formation generated from electron micrographs in the fern Polypodium vulgare, enzymatic breakdown of the pectinaceous middle lamella is hypothesized to weaken the common anticlinal walls between the sister guard cells. This is followed by the buildup of turgor, which pulls apart the two guard cells to form a pore (Stevens and Martin, 1978) . In nascent stomatal complexes, pectic strands between paired guard cells are observed, which break or disappear as they age (Carr et al., 1980) , suggesting that these strands might be degraded, pulled apart, or both. Together, these models and observations implicate controlled pectin degradation and guard cell pressurization in the spatially restricted cell separation that drives stomatal pore formation. However, mechanistic evidence to support these ideas is absent.
Stomatal pore formation is a developmental, irreversible process featuring the generation of a pore between guard cells. This developmental process is distinct from the movement of mature stomata, during which guard cells can inflate and deflate many times. Although HG-related genes such as PME6 and POLY-GALACTURONASE INVOLVED IN EXPANSION3 (PGX3) have been shown to be functionally important for mature stomatal movements (Amsbury et al., 2016; Rui et al., 2017) , the molecular mechanisms underlying stomatal pore formation are not clear. Our goal in this work was to investigate whether (and if so, how) HG degradation (a biochemical process) and guard cell pressurization (a biophysical process) modulate pore formation during the last step of stomatal development. In young guard cells with an initiating pore, the walls begin to thicken at the future pore site , possibly providing a structural basis for the deformation of guard cells away from each other to initiate the pore upon turgor increase. We term this process "mechanically induced separation." However, the presence of unattached pores in cyd1 (Yang et al., 1999) and scd1-1 (Falbel et al., 2003) , two stomatal cytokinesis mutants, and exo84b (Fendrych et al., 2010) , an exocyst mutant, seems to argue against mechanically induced separation being solely responsible for pore formation.
Using three-dimensional (3D) time-lapse (stacklapse) imaging, we established the morphological milestones of stomatal pore initiation and used finite element modeling to test and predict the mechanics of pore formation. We imaged the distribution of an exocyst complex protein, EXO70A1, which functions in exocytosis (Fendrych et al., 2010) , de-methyl-esterified HG, and the HG-degrading enzyme PGX1 (Xiao et al., 2014) , to ascertain whether the secretion of pectin and/or HGmodifying enzymes might occur at the right time and place to contribute to pore formation. We next perturbed either HG chemistry or the osmotic environment to investigate how HG modification and/or mechanically induced separation contribute to pore initiation and enlargement. Finally, we postulated hypotheses for how these two processes might contribute to stomatal pore formation.
RESULTS

Morphological Milestones during Stomatal Pore Initiation
To map the morphogenesis of stomatal pores in detail, we performed stacklapse imaging experiments with an interval of 0.5 h for up to 48 h in cotyledons of 4-d-old seedlings (Martinez et al., 2018) expressing LOW TEMPERATURE INDUCED PROTEIN 6B-green fluorescent protein (LTI6b-GFP), a plasma membrane marker (Supplemental Movies S1 and S2; Cutler et al., 2000) . We focused on guard mother cells at the beginning of image collection. Guard mother cells usually underwent cytokinesis after a few hours (Supplemental Movies S1 and S2), and we used the completion of cytokinesis as the starting point in our morphological analyses of individual complexes. The morphodynamics of individual complexes were analyzed by making XY, XZ, and YZ projections of each stacklapse (Supplemental Movies S3 and S4) .
From a total of 26 stomata from 12 independent experiments, we distinguished five milestones of stomatal pore initiation: (I) completion of cytokinesis in the guard mother cell, (II) plasma membrane indentation in XZ, (III) membrane indentation in YZ, (IV) completion of separation in Y, (V) completion of separation in X (Fig. 1 ).
Computational Modeling of Stomatal Pore Initiation upon Guard Cell Pressurization
To map and predict the distribution of stress in young stomatal complexes during pore initiation, we developed 3D finite element models of stomatal complexes (Fig. 1 , C-E) with simplified shapes but captured the morphological details observed in our stacklapse data (Fig. 1A) and the mechanical properties of the cell wall (see "Materials and Methods"), representing stomata at milestones I (Fig. 1C) , III (Fig. 1D) , and V (Fig. 1E) , respectively. Upon turgor increase of 5 MPa, the milestone I model predicts high stress levels along the edges of the new common walls (Fig. 1C) . When an indentation is fully developed in the center of a stomatal complex, higher stress is concentrated at the center of the future pore site (Fig. 1D) . At the onset of pore formation, a concentration of high stress remains in the immediate vicinity of the nascent pore (Fig. 1E ).
These 3D modeling results, together with our 3D imaging data, prompted us to further investigate the molecular origin of indentation and the role of mechanically induced separation in stomatal pore formation. Because exocyst-mediated vesicle trafficking delivers secreted cargoes, including wall materials and wallmodifying enzymes, to the apoplast (Kim and Brandizzi, 2014) , we first tested whether the exocyst complex might be targeted to the pore initiation site. We did this by imaging the distribution of GFP-tagged EXO70A1 (Fendrych et al., 2010) , a component of the exocyst complex (Synek et al., 2006) , in developing stomatal complexes on the abaxial side of cotyledons. GFP-EXO70A1 was enriched at the center of the guard cell pair at milestone I/II during pore initiation, as determined by propidium iodide (PI) labeling (Fig. 2) . In stomata at milestone III/IV/V, GFP-EXO70A1 was more diffusely distributed around future pore sites ( Fig. 2A) . Next, to visualize the 3D distribution of demethyl-esterified HG in young guard cells, 4-d-old Col (Columbia-0) seedlings were stained with chitosan oligosaccharide 488 (COS 488 ), a fluorescent molecular probe that binds to stretches of de-methyl-esterified HG (Mravec et al., 2014) , and z-stack images were collected.
At milestone I/II, complexes had uniform COS 488 labeling along their newly formed common walls. In contrast, at milestone III/IV/V, COS 488 labeling was brighter at future pore sites, with an "hourglass" distribution in YZ projections (Fig. 2B) . Because demethyl-esterified HG is the substrate of pectinases such as PGs during pectin degradation, we next analyzed the subcellular localization of a previously characterized PG, PGX1, tagged with GFP (Xiao et al., 2014) . Compared with stomatal complexes at milestone I/II, complexes at later milestones exhibited an accumulation of PGX1-GFP at future pore sites (Fig. 2C) , with a pattern similar to that observed for COS 488 (Fig. 2B) . Together, these data indicate that de-methyl-esterified HG and HG-degrading enzymes become enriched at sites of stomatal pore initiation after exocyst accumulation at these sites.
Augmented HG Modification Promotes Stomatal Pore Formation
To investigate whether HG degradation directly affects stomatal pore formation, we applied agarose beads that had been preincubated with a commercial pectinase mixture, containing PMEs and PGs from Aspergillus aculeatus, to the abaxial side of LTI6b-GFP cotyledons (Supplemental Fig. S1A ). Although the labeled activity of the pectinase stock we used was 3800 U/mL, we experimentally determined its activity under our conditions (see "Materials and Methods") and used it at a working concentration of 0.6 U/mL (Supplemental Table S1 ). We imaged the same position before and 16 h after pectinase treatment (Supplemental Fig. S1B ), focusing on cells that were guard mother cells before treatment but had divided and had an initiating pore after treatment (Fig. 3) and scored the milestones of these stomatal complexes. Compared to a mock treatment, in which denatured pectinase was used and ;20% of stomata were at milestone III, a significantly lower proportion of stomatal complexes (;3%) from the pectinase treatment were at this milestone, and more complexes had reached milestones IV or V (Fig. 3B) . We also quantified the rate and degree of expansion in pavement cells, stomatal complexes with an initiating pore, and meristemoids. Compared to cells in mock treatments, pavement cells and stomatal complexes with an initiating pore from pectinasetreated cotyledons exhibited significantly faster and greater expansion, but meristemoids did not show any difference in expansion between the two treatments (Supplemental Fig. S2 , A-C).
Using the same system, we also tested whether the degradation of other wall polysaccharides, including rhamnogalacturonan-I (which is also a component of middle lamellar pectins; Jarvis et al., 2003) , cellulose, or xyloglucan had any effect on stomatal pore formation. Arabinanase or galactanase treatments, which cleave rhamnogalacturonan-I side chains, were demonstrated to have biochemical activities under our experimental conditions (Supplemental Table S1 ) but did not result in a significant difference in the percentage of stomata reaching each milestone compared with the corresponding mock treatments (Supplemental Fig. S2 , D and E). However, the rate and degree of pavement cell expansion were significantly increased by arabinanase treatment, but not galactanase treatment (Supplemental Fig. S2A ). Stomatal complexes with initiating pores showed a significantly greater degree of expansion in galactanase-treated cotyledons than mock-treated cotyledons, although they did not have a higher rate of expansion (Supplemental Fig. S2B ).
Similar to arabinanase and galactanase treatments, treatment with cellulase or xyloglucanase, which were biochemically active in degrading cellulose or xyloglucan under our experimental conditions (Supplemental Table S1 ), did not alter the progression of stomatal pore initiation. Here, the percentage of stomata at each milestone was not significantly different between each enzymatic treatment and its corresponding mock treatment (Supplemental Figures S3, D and E) . Treatment with cellulase, but not xyloglucanase, led to faster and greater expansion in pavement cells and meristemoids (Supplemental Fig. S3 , A-C). Taken together, these data indicate that augmented degradation of pectic HG, but not of other wall polysaccharides, accelerates stomatal pore initiation.
Because HG-degrading enzymes typically act upon de-methyl-esterified HG, perturbing HG de-methylesterification is an indirect way to manipulate HG degradation. PME5 overexpression reduces the apparent elastic modulus of the cell wall (Peaucelle et al., Figure 2 . Distribution of GFP-tagged exocyst, COS 488 -stained demethyl-esterified HG, and PGX1-GFP in three dimensions in young guard cells in 4-d-old cotyledons. A, Imaging of propidium iodide (PI)-stained guard cell pairs expressing GFP-EXO70A1 at different milestones during stomatal pore initiation. XY, XZ, and YZ projections were made only for GFP-EXO70A1. Green arrows point to GFP-EXO70A1 signals. Yellow arrowheads point to autofluorescence from chloroplasts. XY, XZ, and YZ projections from 3D confocal imaging of COS 488 staining (B) and PGX1-GFP (C) in stomatal complexes at different milestones during pore initiation. Scale bars are 5 mm. n $ 2 fields of view per seedling from $ 6 seedlings per imaging experiment.
2011
) and can result in ectopic primordium formation in the shoot apical meristem (Peaucelle et al., 2008) and a loss of adaxial-abaxial asymmetry in leaves (Qi et al., 2017) . We analyzed pore morphology in 4-d-old PME5 OE (overexpression) seedlings, using PI staining to highlight cell outlines (Fig. 3C) . Pore width was significantly greater in PME5 OE stomata than in WS-4 controls (Fig. 3E) , whereas pore length, stomatal complex height, and the ratio of pore length:stomatal complex height did not differ between the two genotypes (Fig. 3, D , F, and G). These results suggest that HG de-methyl-esterification enhances stomatal pore widening.
Inhibiting HG De-methyl-esterification Delays Pore Initiation and Suppresses Pore Enlargement
Inhibiting HG de-methyl-esterification can result in phenotypes that are attributable to a reduction in wall extensibility. Treatment with epigallocatechin gallate (EGCG), which inhibits PMEs (Lewis et al., 2008) , leads to stunted roots in Arabidopsis seedlings (Wolf et al., 2012) . Arabidopsis plants overexpressing PME INHIB-ITOR3 (PMEI3 OE) have stiffer walls and are defective in primordium initiation in the shoot apical meristem (Peaucelle et al., 2008 (Peaucelle et al., , 2011 . These studies prompted us to test the effects of inhibiting HG de-methyl-esterification on stomatal pore formation.
When we performed stacklapse imaging in the presence of 100 mM EGCG using LTI6b-GFP seedlings that had been grown on normal, half-strength Murashige and Skoog (1/2 MS) medium + 1% (w/v) Suc plates for 4 d, cytokinesis in guard mother cells (Supplemental Movie S5) and stomatal pore initiation (Supplemental Movie S6) still occurred. However, quantifying the durations between milestones revealed that EGCG treatment significantly increased the total length of pore initiation to 21.1 6 1.9 h (mean 6 SE) Figure 3 . Exogenous pectinase treatment accelerates pore initiation and PME5 overexpression leads to wider pores. A, XY, XZ, and YZ projections of stomata expressing LTI6b-GFP before and after 0.6 U/mL pectinase or mock treatment. Green asterisks denote guard mother cells that later divided and underwent pore initiation. Scale bar, 5 mm. B, Histogram of the percentage of stomata at each milestone during pore initiation after mock or pectinase treatment. Error bars are SE (n $ 56 stomata from 15 seedlings per treatment, five independent experiments; *P , 0.05, Student's t test). Images of stomata (C) and averages of stomatal pore length (D), pore width (E), stomatal complex height (F), and the ratio of pore length to stomatal complex height (G) in 4-d-old WS-4 and PME5 OE seedlings. Cell outlines in C were visualized by 100 mg/ mL PI. Scale bar in C is 10 mm. Error bars in D to G are SE (n $ 75 stomata from six seedlings per genotype, two independent experiments; ***P , 0.001, Student's t test). compared to 14.9 6 1.7 h (mean 6 SE) under control conditions (Fig. 4) . This difference was attributable to a significantly longer duration from milestones III to IV in the presence of EGCG ( Fig. 4A ; 12.1 6 1.0 h [mean 6 SE] with EGCG versus 6.5 6 0.5 h [mean 6 SE] without EGCG).
In our stacklapse imaging experiment, a cut cotyledon was sandwiched between an agar pad and a coverslip (see "Materials and Methods"). A cut cotyledon was used instead of an intact seedling because the rapid elongation of the hypocotyl in an intact seedling will move the cotyledon out of the field of view over time (Peterson and Torii, 2012) , especially at high magnification, thus preventing successful time-lapse imaging and morphodynamic analysis. To test whether cutting the cotyledon has any effect on stomatal pore initiation, we compared stomata in intact seedlings versus cut cotyledons by imaging a position, placing the samples back on MS plates, and imaging the same position again after 6 h. We focused on stomata that were at milestone I at the beginning of the experiment and had initiated a pore after 6 h. However, there was no significant difference in the percentage of stomata at each milestone between intact seedlings and cut cotyledons (Supplemental Fig. S4A ), suggesting that the cutting process does not affect the progression of stomatal pore initiation. We also imaged stomata in intact seedlings 8 h or 10 h after transferring samples to MS plates, finding that all of the stomata analyzed had passed milestone III by 8 h, and ;80% of the stomata had reached milestone V by 10 h (Supplemental Fig. S4B ). Because the agar pad we used in stacklapse imaging (Fig. 4A) contained water, which might impose a hypoosmotic stress on the cotyledon, we next determined whether pore initiation differs between cotyledons exposed to MS medium or water. In comparing stomata before and 8 h after transferring cotyledons to MS or water plates (see "Materials and Methods"), we found no significant difference in the percentage of stomata at each milestone (Supplemental Fig. S4C ). Finally, in analogy to our stacklapse imaging experiment in the presence of EGCG, we imaged the same stomata in cut cotyledons before and 6 h after transferring cotyledons to MS plates with or without 100 mM EGCG. Compared with the control condition, a significantly higher proportion of stomata remained at milestone III when treated with EGCG ( Supplemental Fig. S4D ). This is consistent with our observation from stacklapse imaging that EGCG treatment delays the transition from milestone III to IV (Fig. 4A) .
To genetically mimic the effects of EGCG, we measured stomatal dimensions in 4-d-old, PI-stained PMEI3 OE seedlings (Peaucelle et al., 2011 (Peaucelle et al., , 2015 Qi et al., 2017; Fig. 4B) . We found that pore length, pore width, and stomatal complex height were all significantly smaller than those in the WS-4 wild-type control (Figs. 4, C-E) . Reduced pore dimensions could be attributed to defects in pore formation or simply an effect of smaller cell size. To distinguish between these possible causes, we analyzed the ratio of pore length to stomatal complex height, finding that this value was also significantly smaller in PMEI3 OE stomata than in WS-4 controls (Fig. 4F) . Therefore, the reduced pore size in PMEI3 OE stomata is more likely to be caused by abrogated pore enlargement. Taken together with results from the pharmacological experiment, these data suggest that EGCG treatment or PMEI3 overexpression do not eradicate pore formation but delay pore initiation and inhibit pore enlargement, likely by disrupting pectin de-methyl-esterification and therefore pectin degradation at the pore site.
Hyperosmotic Treatment Prevents Cytokinesis in Guard
Mother Cells, but Not Pore Initiation, and Reduces Pore Enlargement
To assess the role of mechanically induced separation in pore formation, we applied 0.5 M mannitol to decrease the osmotic potential of the medium and thus partially inhibit turgor increase during stacklapse imaging of 4-d-old LTI6b-GFP seedlings. Similar to experiments under control conditions (Supplemental Movies S1 and S2) or in the presence of EGCG (Supplemental Movie S5), we initially also tried to capture guard mother cells in the beginning of the time series. However, we found that cytokinesis failed in guard mother cells treated with 0.5 M mannitol (Supplemental Movie S7), preventing the tracking of subsequent pore initiation dynamics. Therefore, in this particular experiment, we instead tracked stomatal complexes that had completed cytokinesis but had not yet reached milestone II (Supplemental Movies S8 and S9). On average, pore initiation from this point took 14.4 6 1.7 h (mean 6 SE) in total and 7.0 6 0.6 h (mean 6 SE) for the transition from milestone III to IV, which was comparable to the corresponding durations under control conditions (13.5 6 1.6 h and 6.5 6 0.5 h, respectively, mean 6 SE; Fig. 4A ).
We next analyzed stomatal dimensions in 4-d-old LTI6b-GFP seedlings treated with or without 0.5 M mannitol. To rule out any potential effect of mannitol in triggering osmotic stress signaling (Kreps et al., 2002) , we also tested seedlings treated with 0.5 M sorbitol. To ensure seed germination, seeds were first sown on regular 1/2 MS + 1% (w/v) Suc plates. Two days after germination, seedlings were transferred to fresh 1/2 MS + 1% (w/v) Suc plates or plates containing 0.5 M mannitol or sorbitol and allowed to grow for another 2 d. Consistent with the stacklapse imaging data, we observed young stomata with initiating pores (Fig. 4G) , confirming that 0.5 M mannitol or sorbitol treatment did not disrupt pore initiation. Stomatal pore length, pore width, stomatal complex height, and the ratio of pore length:stomatal complex height were measured for single complexes with well-developed pores. All four parameters were significantly smaller in stomata in seedlings treated with mannitol or sorbitol compared with controls (Fig. 4, H-K) , indicating that cell growth and pore enlargement were impaired. In addition, all . Pore initiation is delayed by inhibiting homogalacturonan (HG) de-methyl-esterification but not turgor increase. Pore enlargement is suppressed by inhibiting both HG de-methyl-esterification and turgor increase. A, Milestone intervals under control conditions, with 100 mM EGCG, which inhibits pectin methylesterases, or with 0.5 M mannitol to inhibit turgor increase. Error bars are SE (n $ 21 stomata from $ 7 seedlings, $ 7 independent experiments per treatment; ns, no significance, *P , 0.05, ***P , 0.001, Student's t test). Confocal snapshot images of stomata (B and G) and averages of stomatal pore length (C and H), pore width (D and I), stomatal complex height (E and J), and the ratio of pore length to stomatal complex height (F and K) in 4-d-old WS-4 and PMEI3 OE seedlings (B-F) or 4-d-old LTI6b-GFP seedlings grown under control conditions or treated with 0.5 M mannitol or 0.5 M sorbitol for 2 d (G-K). Error bars in C to F are SE (n $ 88 stomata from six seedlings per genotype, two independent experiments; ***P , 0.001, Student's t test). Error bars in H to K are SE (n $ 74 stomata from six seedlings per genotype, three independent experiments; lower case letters indicate P , 0.05, one-way ANOVA and Tukey test). Cells in B were stained with 100 mg/mL propidium iodide. Scale bars, 10 mm.
four parameters were largely comparable between mannitol treatment and sorbitol treatment (Fig. 4, H-K) , suggesting that the reduction in stomatal dimensions is not specific to mannitol. Taken together, these data indicate that inhibiting increases in guard cell turgor by hyperosmotic treatment prevents cytokinesis in guard mother cells, but not pore initiation or enlargement, although pore enlargement occurs to a lesser degree.
DISCUSSION
In this study, we mapped the morphodynamics of stomatal pore formation in detail using stacklapse imaging ( Figs. 1 and 4A ; Supplemental Movies S1, S2, S3, and S4; Peterson and Torii, 2012 ) and verified our conclusions drawn from stacklapse imaging by performing additional experiments under normal seedling growth conditions (Supplemental Fig. S4 ). In our stacklapse imaging experiments, pore initiation took ;15 h in total (Fig. 4A) . This is comparable to the duration of the enzyme-bead experiments (16 h), in which we also observed pore initiation (see mock treatments in Fig. 3, A and B ; Supplemental Fig. S2, D and E, and S3, D and E) , but is longer than the duration of pore initiation when samples were not continuously incubated on the microscope (Supplemental Fig. S4, A-C) . This discrepancy might be associated with mechanical effects caused by the sample being placed in between the coverglass and the agar pad during stacklapse imaging, because tissue-wide mechanical forces can influence the polarity of stomatal stem cells (Bringmann and Bergmann, 2017) and possibly pore initiation as well. Alternatively, mounting the cotyledons under agar pads might inhibit gas exchange in the cotyledons, affecting their metabolism. Despite this caveat, we still believe that, as long as proper controls are included, stacklapse imaging (Peterson and Torii, 2012 ) is a Figure 5 . Schematic representation of the molecular mechanisms underlying stomatal pore formation. At the beginning of pore initiation, newly synthesized cell wall materials are deposited at future pore sites. Note that cellulose is synthesized at the plasma membrane (PM), whereas xyloglucan and pectic homogalacturonan (HG) are synthesized in the Golgi and delivered to the wall via exocytosis. Next, the appearance of an opening in the center of a stomatal complex is facilitated by the degradation of pectic homogalacturonan (HG), which involves PMEs and PGs that have been secreted to the wall. It remains to be seen whether feedback from HG degradation drives wall deposition. After initiation, pore enlargement is jointly accomplished by HG degradation and guard cell (GC) pressurization. Solid black arrows indicate progression over time. The dotted black arrow indicates a hypothesized relationship that needs to be further substantiated. White arrows illustrate the direction of turgor pressure. CSCs, cellulose synthase complexes; CSLCs, cellulose synthase-like C family proteins; XXTs, xyloglucan xylosyltransferases; GAUTs, galacturonosyltransferases; PLs, pectate lyases.
powerful and reliable tool to obtain spatiotemporal information about stomatal pore formation with or without chemical perturbation, and we foresee its use in mutant lines in the future.
PGX1-GFP is not the only PG that accumulates at sites of stomatal pore initiation. We previously showed (Rui et al., 2017 ) that PGX3-GFP displays similar subcellular localization to PGX1-GFP (Fig. 2C ) in developing stomatal complexes. Although it remains to be tested whether this holds true for other pectinases, such as pectate lyases, these data imply that a suite of pectinmodifying enzymes might function in pore formation. Since genes encoding PMEs, PGs, and pectate lyases all exist in large families (Kim et al., 2006; González-Carranza et al., 2007; McCarthy et al., 2014; Sénéchal et al., 2014) , redundancy might mean that ablation of one gene might not inhibit pore formation. Conversely, completely blocking HG de-methyl-esterification and/ or HG degradation might be embryo-lethal. Therefore, altering HG modification to the correct degree might be essential for addressing whether each modification step is required for stomatal pore formation.
When beads incubated with wall-degrading enzymes were applied to cotyledons under a dissecting microscope (Supplemental Fig. S1A ), they did not fall precisely at future pore sites of guard mother cells or young stomata because individual epidermal cells were not visible at this magnification, and the average size of a bead (47 mm) is bigger than the size of a stomatal complex (20-25 mm). As a result, the promotion of cell expansion (Supplemental Figs. S2, A-C, and S3, A-C) and stomatal pore initiation (Fig. 3, A and B) we observed is likely associated with diffusion of the enzyme from the beads. Among all five enzymes tested, only pectinase treatment led to accelerated pore initiation (Fig. 3, A and B ; Supplemental Figs. S2, D and E, and S3, D and E), implicating HG degradation, but not the degradation of other wall polysaccharides, in stomatal pore initiation. These data provide experimental evidence to substantiate the hypothesis that stomatal pore formation involves enzymatic breakdown of the pectinaceous middle lamella between sister guard cells (Kaufman et al., 1970; Peterson and Hambleton, 1978; Stevens and Martin, 1978) .
In the literature, depending on the specific cellular/ developmental context or the induction protocol used, PME5 overexpression leads to contradictory effects on cell wall rigidity, as does PMEI3 overexpression (Peaucelle et al., 2011 (Peaucelle et al., , 2015 Qi et al., 2017; Bou Daher et al., 2018) . In our study, pore width, but not pore length or stomatal complex height, increased when PME5 was overexpressed (Fig. 3, C-G) . PMEI3 overexpression, on the other hand, resulted in reductions in pore width, pore length, stomatal complex height, and guard cell size (Fig. 4, B-F) . Our interpretation of these data are that HG de-methyl-esterification facilitates HG degradation, and thus pore enlargement and guard cell growth. Other factors, which could also be influenced by HG chemistry and might help determine pore size and guard cell size as well, include variations in wall elasticity along the periphery of a developing guard cell (Carter et al., 2017) , the strength with which paired guard cells adhere to each other, and constraints imposed by neighboring pavement cells at the poles and dorsal sides of a guard cell pair (Carter et al., 2017; Yi et al., 2018) .
To assess the contribution of mechanically induced separation to pore formation, we used mannitol treatment to inhibit turgor increase in young guard cells. Mannitol effectively reduced turgor pressure, as evinced by the observation of plasmolysis in the first few frames of each stacklapse (Supplemental Movies S7 and S8). Surprisingly, mannitol prevented cytokinesis of the guard mother cell (Supplemental Movie S7), suggesting that the completion of cytokinesis might require sufficient turgor in the mother cell. With no effect on the duration of pore initiation (Fig. 4A) , a reduction in guard cell turgor reduced pore dimensions in seedlings grown on plates containing mannitol or sorbitol compared with controls (Fig. 4, G-K) . This indicates that maintaining guard cell turgor might be necessary for pore enlargement, but not pore initiation. These data should be interpreted with caution, because cells might adaptively regain turgor over the 48 h of mannitol treatment in both stacklapse and plate experiments ( Fig. 4 ; Supplemental Movies S8 and S9).
Our computational modeling results shed light on how turgor increase is involved in stomatal pore formation. The concentration of higher stress levels at future pore sites before and after the formation of an indentation (Fig. 1, C and D) suggests that the deposition of additional cell wall materials might be required to reinforce this region and keep guard cell walls intact. Given that HG cannot be degraded without first being deposited and that HG degradation augments pore initiation (Fig. 3, A and B) , it is possible that HG degradation feeds back to drive additional wall deposition. After pore initiation, higher stress levels are predicted around the pore area (Fig. 1E) , suggesting that localized mechanical stress at this region might serve as a signal to promote pore enlargement.
In summary, our data provide insights into the molecular mechanisms for stomatal pore formation, which includes pore initiation followed by pore enlargement. Wall deposition and HG modification facilitate pore initiation, whereas both HG modification and mechanically induced separation participate in pore enlargement (Fig. 5) .
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) seeds (Col-0 ecotype, PGX1-GFP [Xiao et al., 2014] , LTI6b-GFP [Cutler et al., 2000] , WS-4 ecotype, PME5 OE [Peaucelle et al., 2008] , and PMEI3 OE [Peaucelle et al., 2008] ) were surface sterilized in 30% (v/v) bleach with 0.1% SDS (w/v), rinsed four times with sterile water, and resuspended in 0.15% (w/v) agar. After stratification at 4°C for at least 2 d, seeds were sown on 1/2 MS (2.2 g/L MS salts, 0.6 g/L MES, pH 5.6) + 1% (w/v) Suc plates containing 0.8% (w/v) agar. Plates were placed vertically in a growth chamber (Percival) at 22°C with 24-h illumination. Four-day-old seedlings were used in all of the experiments described in this work. PGX1-GFP and LTI6b-GFP are in the Col-0 and Col-2 backgrounds, respectively, whereas PMEI3 OE and PME5 OE are in the WS-4 background. PMEI3 OE and PME5 OE are inducible overexpression lines (Peaucelle et al., 2008) . For PMEI3 OE, ethanol induction was performed 1 d after plating the seeds by adding 20 mL pure ethanol to the bottom of a plate every day until day 4 (Peaucelle et al., 2015) . PME5 overexpression was found to be constitutive (Supplemental Fig. S5 ), so no induction was performed.
COS 488 and PI Staining
COS 488 was a gift from Jozef Mravec (University of Copenhagen, Denmark). Seedlings were stained with COS 488 diluted at 1:1000 in 25 mM MES buffer (pH 5.7) in the dark for 20 min. For PI (Life Technologies; catalog no. P3566) staining, seedlings were stained with 100 mg/mL PI in water in the dark for 5 min. After staining, seedlings were rinsed briefly with water before imaging.
Confocal Microscopy and Image Analysis
Confocal imaging was performed on a Zeiss Axio Observer SD microscope with a Yokogawa CSU-X1 spinning disk head and a 633 1.4 numerical aperture oil immersion objective. A 488-nm excitation laser and a 525/50-nm emission filter were used to detect GFP and COS 488 signals. A 561-nm excitation laser and a 617/73-nm emission filter were used for imaging PI. For PI staining, singleslice snapshot images were obtained.
Z-stack images of COS 488 staining, PGX1-GFP, and LTI6b-GFP were collected with a step size of 0.5 mm. Long-term z-stack time-lapse (stacklapse) imaging was performed as previously described (Peterson and Torii, 2012; Martinez et al., 2018) : in brief, a cotyledon was cut from a 4-d-old light-grown LTI6b-GFP seedling and placed under a 0.5% (w/v) agar pad in a Nunc LabTek chambered coverglass (Thermo Fisher; catalog no. 155360). Additional melted agar was used to seal the edge between the agar pad and the chamber. The abaxial side of the cotyledon faced the coverglass. The chamber was then mounted onto the microscope stage, with the lid on to minimize evaporation. Stacklapse images were collected at 0.5-h intervals for up to 48 h, and a step size of 0.5 mm using 2% 488-nm laser power and 200-ms exposures.
To test the effects of different experimental conditions on stomatal pore initiation, 4-d-old LTI6b-GFP seedlings that had been grown on 1/2 MS + 1% (w/v) Suc plates were used. An intact seedling or a cut cotyledon was carefully mounted in 1/2 MS liquid on a glass slide. The abaxial side of the cotyledon faced the coverglass. Slides were sealed with vacuum grease. Stomata reaching milestone I were focused, and z-stack images were collected, after which the seedling or the cotyledon was carefully removed from the slide and transferred to 1/2 MS + 1% (w/v) Suc plates containing 0.8% (w/v) agar (control plates), plates containing only 0.8% (w/v) agar (i.e. water plates without MS salts or Suc), or 1/2 MS + 1% (w/v) Suc + 100 mM EGCG plates containing 0.8% (w/v) agar. Control plates and water plates were then put back in the growth chamber under light. Because EGCG is light sensitive, EGCG plates were placed in the dark by wrapping the plates with aluminum foil. Z-stack images of the same positions were collected 6 h, 8 h, or 10 h after samples were transferred to plates.
From z-stack image sets, XY, XZ, and YZ projections were made using the "orthogonal views" function in ImageJ. For stacklapse data, images were first sorted by time point to isolate a single z-stack image at a given time point. XY, XZ, and YZ projections were made for each time point and concatenated. Stomatal pore length, pore width, stomatal complex height, and the ratio of pore length to stomatal complex height were measured for single complexes in ImageJ. Cell area was also measured in ImageJ.
Micromanipulation and Enzymatic Treatment
Sephacryl S-300 High Resolution beads (GE Healthcare) with an average particle size of 47 mm were incubated with each of the following cell-walldegrading enzymes at a theoretical working concentration of 10 U/mL at 4°C overnight: pectinase from Aspergillus aculeatus (Sigma; catalog no. P2611), endo-1,5-a-arabinanase from Aspergillus niger (Megazyme; catalog no. E-EARAB), endo-1,4-b-galactanase from Aspergillus niger (Megazyme; catalog no. E-EGALN), cellulase (endo-1,4-b-D-glucanase) from Aspergillus niger (Megazyme; catalog no. E-CELAN), and xyloglucan-specific xyloglucanase from Aspergillus aculeatus (a gift from Xuan Wang, Dr. Daniel Cosgrove's laboratory, originally from Novozymes). See Supplemental Table S1 for the working concentration of each enzyme, as calculated from its enzyme activity assay (see below). Beads incubated with an equivalent amount of enzyme, which was denatured by boiling at 100°C for 20 min followed by an incubation at 70°C overnight (Peaucelle et al., 2008; Qi et al., 2017) , were used as the corresponding mock treatment. Four to five beads were applied to the abaxial side of a cut cotyledon expressing LTI6b-GFP using a size 1 script liner paintbrush under a Zeiss Discovery V12 dissecting microscope. The cotyledon was then laid horizontally on a 1/2 MS + 1% (w/v) Suc plate, which was placed horizontally in a growth chamber at 22°C under constant illumination. Three cotyledons from three seedlings per treatment were used in each independent experiment. Z-stack images of the same position of a cotyledon were collected before treatment and after 16 h of treatment.
Enzymatic activities were determined by measuring the production of reducing end groups (Lever, 1972) . GalUA, arabinose, and Gal were used as standards for pectinase, arabinanase, and galactanase assays, respectively. Glc was used as the standard for both cellulase and xyloglucanase assays. Polygalacturonic acid (Sigma; catalog no. 81325-50G), linear 1,5-a-L-arabinan from sugar beet (Beta vulgaris; Megazyme; catalog no. P-LARB), Azo-Galactan from potato (Solanum tuberosum; Sigma; catalog no. 50009), b-glucan from barley (Hordeum vulgare; Megazyme; catalog no. P-BGBL), and xyloglucan from tamarind (Tamarindus indica; Megazyme; catalog no. P-XYGLN) at a final concentration of 0.5% (w/v) in 1/2 MS solution (pH 5.6) were used as substrates, respectively. The assays were performed at 22°C for up to 15 min before labeling with 4-hydroxybenzoic acid hydrazide by boiling for 6 min. Absorbance at 410 nm was measured using a NanoDrop 2000C spectrophotometer. One unit of enzyme releases 1 mmol reducing end groups per minute.
Computational Stomatal Pore Formation Modeling
For a stomatal complex without indentation, the outer profile was modeled as a spline curve. For a stomatal complex with indentation, a circular cross section traversing a circular arc was used as a simplified stomatal complex shape. These surfaces were meshed as a shell with 0.5 mm thickness , and an anisotropic elastic mechanical model was used. Specifically, considering the circumferential arrangement of cortical microtubules in young guard cells (Lucas et al., 2006) , a "transverse isotropy" was assumed, i.e. cell wall stiffness is isotropic in the transverse plane (circumferential and radial directions), whereas the longitudinal Young's modulus differs. The longitudinal Young's modulus was modeled as lower than transverse plane stiffness, which is supported by the high tensile stiffness of cellulose. Considering that the deformation of a stomatal complex is much larger than 1% of the original dimensions, the secondary effects of large deformations were considered (nonlinear elasticity). Also, considering that the thickness of a guard cell wall is greater than 1% of a guard cell's circumference, a thick shell wall was assumed, meaning that the contribution of a transverse shear deformation to the overall guard cell wall deformation is considered.
Stomatal pore formation was simulated by applying 5 MPa pressure to the guard cell walls using Abaqus. Deformed stomatal complex shapes and corresponding von Mises stress levels were calculated and mapped onto the surface of deformed stomatal complex.
Statistics
All statistical analyses (Student's t tests, one-way ANOVA, and Tukey tests) in this study were performed using the PAST software package (Hammer et al., 2001 ).
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: LTI6b (At3g05890), EXO70A1 (At5g03540), PGX1 (At3g26610), PME5 (At5g47500), and PMEI3 (At5g20740).
Supplemental Data
The following supplemental materials are available:
Supplemental Figure S1 . Applying pectinase-incubated beads to cotyledons promotes cell expansion and stomatal pore initiation.
Supplemental Figure S2 . Effects of pectinase, arabinanase, or galactanase on cell expansion and stomatal pore initiation.
Supplemental Figure S3 . Effects of cellulase or xyloglucanase on cell expansion and stomatal pore initiation.
Supplemental Figure S4 . Effects of different experimental conditions on stomatal pore initiation.
Supplemental Figure S5 . PME5 overexpression is leaky, but PMEI3 overexpression is not.
Supplemental Table S1 . Comparison of theoretical and measured activities of the cell wall-degrading enzymes used in this study.
Supplemental Movie S1. A global view of epidermal cell dynamics in cotyledons under control conditions.
Supplemental Movie S2. A global view of epidermal cell dynamics in cotyledons under control conditions.
Supplemental Movie S3. Dynamics of stomatal pore initiation in 3D under control conditions.
Supplemental Movie S4. Dynamics of stomatal pore initiation in 3D under control conditions.
Supplemental Movie S5. A global view of epidermal cell dynamics in cotyledons in the presence of 100 mM EGCG.
Supplemental Movie S6. Dynamics of stomatal pore initiation in 3D in the presence of 100 mM EGCG.
Supplemental Movie S7. Addition of 0.5 M mannitol prevents cytokinesis in guard mother cells.
Supplemental Movie S8. A global view of epidermal cell dynamics in cotyledons in the presence of 0.5 M mannitol.
Supplemental Movie S9. Dynamics of stomatal pore initiation in 3D in the presence of 0.5 M mannitol.
